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Two N-Terminal Domains of Kv4 K Channels
Regulate Binding to and Modulation by KChIP1
et al., 1997; Wu and Barish, 1992). We recently identified
a family of calcium binding proteins, called KChIPs, that
bind to the cytoplasmic N termini of Kv4 channels and
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diversity of potential KChIP binding partners makes it87 Cambridge Park Drive
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protein:protein interactions that underlie KChIP function.
Here we combined deletion and site-directed muta-
genesis to identify sites important for KChIP modulationSummary
of Kv4 channel kinetics and determine the binding site(s)
for KChIP on the Kv4 amino terminus. Effects on channelThe family of calcium binding proteins called KChIPs
function were assessed by electrophysiology, while theassociates with Kv4 family K channels and modulates
KChIP1/Kv4 binding interaction was assessed usingtheir biophysical properties. Here, using mutagenesis
yeast two-hybrid (YTH) and recombinant protein bindingand X-ray crystallography, we explore the interaction
analysis. We also used high-resolution X-ray crystallog-between Kv4 subunits and KChIP1. Two regions in
raphy to visualize structural domains on the Kv4.3 Nthe Kv4.2 N terminus, residues 7–11 and 71–90, are
terminus and KChIP1 that were found to be necessarynecessary for KChIP1 modulation and interaction with
and/or sufficient for the KChIP/Kv4 interaction.Kv4.2. When inserted into the Kv1.2 N terminus, resi-
We describe two regions within the Kv4 N terminusdues 71–90 of Kv4.2 are also sufficient to confer asso-
that are critical for KChIP/Kv4 interaction and for modu-ciation with KChIP1. To provide a structural framework
lation of Kv4 currents. One region, comprising aminofor these data, we solved the crystal structures of
acids 7–11 of Kv4.2, contains mainly hydrophobic resi-Kv4.3N and KChIP1 individually. Taken together with
dues that may tightly associate with a hydrophobic bind-the mutagenesis data, the individual structures sug-
ing groove on KChIP1. The second region, comprisinggest that that the Kv4 N terminus is required for stable
residues 71–90 of Kv4.2, forms an extended hydrophilicassociation with KChIP1, perhaps through a hydropho-
loop in the Kv4.3 N-terminal crystal structure and isbic surface interaction, and that residues 71–90 in Kv4
sufficient to confer an interaction with KChIP1 upon Kvsubunits form a contact loop that mediates the spe-
channel subunits that do not typically bind KChIPs. Wecific association of KChIPs with Kv4 subunits.
hypothesize that residues 71–90 in Kv4.2 form a “dock-
ing loop” for KChIP, in a manner comparable to theIntroduction
docking loop for Kv2 formed by residues 67–88 of
Kv1.1 (Gulbis et al., 2000).In neurons, rapidly inactivating (A-type) voltage-gated
K (Kv) currents shape postsynaptic responses to excit-
Resultsatory input (Bekkers, 2000; Korngreen and Sakmann,
2000; Sheng et al., 1992), regulate the amplitude and
A Proximal N-Terminal Domain of Kv4.2 Is Criticalduration of back-propagating action potentials (Hoff-
for Modulation by KChIP1man et al., 1997), and modulate excitability in response
To study the effects of Kv4.2 modulation by KChIP1, weto second messenger signaling (Hoffman and Johnston,
investigated channel function in Xenopus oocytes co-1998; Holmqvist et al., 2001; Nakamura et al., 1997). It
injected with cRNAs encoding Kv4.2 and KChIP1. Con-is generally accepted that somatodendritic A-type Kv
sistent with our previous results (An et al., 2000),currents are formed by  subunits from the Shal-related,
KChIP1/Kv4.2 co-expression increased Kv4.2 currentor Kv4 family (Chandy and Gutman, 1993; Holmqvist et
amplitude and accelerated the rate of recovery fromal., 2001; Serodio et al., 1996; Sheng et al., 1992; Tsaur
inactivation as compared to Kv4.2 expressed alone (Ta-
ble 1 and Figure 1A). As KChIP1 was originally identified
*Correspondence: wangk@wyeth.com by its interaction with the Kv4 N terminus (An et al.,3 These authors contributed equally to this work.
2000), we focused on this region to identify domains4 Present address: Johnson & Johnson Pharmaceutical Research
responsible for modulation of Kv4 currents by KChIP1.and Development, LLC, 1000 Route 202, PO Box 300, Raritan, New
Jersey 08869. Deletions of amino acids 2–71 or 2–51 did not yield
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Table 1. Gating Kinetics of Kv4.2 and N-Terminal Deletion Mutants with and without Co-expressed KChIP1
Current Change Activation, Inactivation, Inactivation, % Weighted Recovery,
(fold) a (ms, 50 mV) 1 (ms, 50 mV) 2 (ms, 50 mV) Amplitude,1 rec (ms)
Kv4.2 WT 1.0 2.3  0.1 23  0.3 193  3 85  2 455  22
Kv4.2 WT/KChIP1 7.2  1.3a 1.5  0.1 110  2a 26  3a 83  1 87  24a
Kv4.22–6 1.0 2.6  0.3 29  2 341  12 62  2 676  42
Kv4.22–6/KChIP1 7.9  0.2a 1.9  0.2 127  4a 64  9a 69  13 48  12a
Kv4.22–11 1.0 3.0  0.1 82  4 198  3 66  3 349  65
Kv4.22–11/KChIP1 0.78  0.1 3.0  0.2 89  4 219  7 65  2 348  74
Kv4.22–21 1.0 3.5  0.3 189  7 NA 100 544  34
Kv4.22–21/KChIP1 0.9  0.3 3.2  0.2 190  4 100 432  76
Kv4.271–90 1.0 4.9  0.3 66  1 223  17 74  1 689  69
Kv4.271–90/KChIP1 1.1  0.02 4.7  0.3 72  1 243  14 73  1 543  53
Kv4.2161–180 1.0 4.1  0.3 31  4 226  4 81  5 1161  300
Kv4.2161–180/KChIP1 2.4  0.26 3.4  0.1 161  12a 40  3a 75  6 385  45a
Kv4.27–11 1.0 2.9  0.1 84  5 309  16 70  1 650  65
Kv4.27–11/KChIP1 1.28  0.2 2.7  0.1 99  11 333  24 67  4 567  32
Kv4.2 (WGEFA) 1.0 3.8  0.3 59  1 277  2 27  0.7 500  16
Kv4.2 (WGEFA)/KChIP1 1.6  0.1 2.4  0.2 33  1 165  5 78  0.6 182  7
Kv4.2 (E71K) 1.0 1.1  0.1 16  0.4 116  9 90  0.7 599  66
Kv4.2 (E71K)/KChIP1 14  1a 5  0.8 85  5a 144  11 69  9 114  7a
Kv4.2 (F74R) 1.0 2.6  0.4 22  1 170  10 92  1 379  51
Kv4.2 (F74R)/KChIP1 3.3  0.4 1.7  0.2 33  1 164  6 77  0.8 212  10
Kv4.2 (E79L) 1.0 1.9  0.3 15  0.2 106  2 90  4 628  67
Kv4.2 (E79L)/KChIP1 11  0.7a 1.9  0.1 66  4a 126  14 68  11 89  5a
Activation (a) or recovery from inactivation (rec ) was analyzed by fitting current to single exponential function. Inactivation time constants (1
and 2 ) were obtained by curve fitting of the inactivation current to a sum of two exponential functions using PULSEFIT. Weighted amplitude
is calculated as relative contribution of current with predominant component of inactivation (1).
a Statistically significant, p  0.001 (Student’s t test), different from the control without KChIP1.
NA, not available. Values are mean  SEM for 5–9 oocytes.
channels with measurable currents (data not shown). (data not shown). However, when all residues within this
region were mutated simultaneously to generate radicalSmaller N-terminal deletions, such as 2–21, 2–11, or
2–6, however, gave rise to functional Kv4 currents (Fig- changes in charge or size (e.g., AWLPF to WGEFA),
modulation by KChIP1 was diminished (Table 1 and Fig-ures 1B–1D). In general, there was little difference in the
activation time constant (a) at 50 mV for the mutant ure 1F).
channels relative to wild-type Kv4.2, although the inacti-
vation time constant of the 2–21 and 2–11 mutants,
1, was slower (Table 1). Inactivation of currents elicited Residues 71–90 in Kv4.2 Are also Critical
for KChIP1 Modulationfrom Kv4.22–21 was best fit by a single exponential,
and therefore the weighted amplitude could not be com- Previous studies suggested that Kv4 channels contain
more than one binding site for KChIPs (Beck et al., 2002).puted for this mutant (Table 1). KChIP1 did not modulate
the density, inactivation, or recovery from the inactiva- To explore this further, we generated internal deletions
within the cytoplasmic N-terminal domain of Kv4.2. Withtion of either Kv4.22–21 or Kv4.22–11 (Table 1 and
Figures 1B and 1C). Deletion of residues 2–6 in Kv4.2 the exception of Kv4.2161–180, expression of the
Kv4.291–110,111–130,131–150, and151–160 mu-resulted in functional channels with gating kinetics simi-
lar to wild-type Kv4.2. Interestingly, KChIP1 modulated tants did not yield functional channels, or they formed
channels with dramatically altered inactivation kinetics.the Kv4.22–6 mutant in a manner indistinguishable
from wild-type Kv4.2 and Kv4.3 (Table 1 and Figure 1D; Kv4.2161–180 yielded functional channels with kinet-
ics similar to wild-type Kv4.2, although the recoveryAn et al., 2000). These results indicate that residues
7–11 in the proximal N terminus of Kv4.2 are critical for time constant was increased (Table 1 and Figure 2A).
Kv4.2161–180 was modulated by KChIP1, although theKChIP1 modulation. To confirm this, we generated and
expressed the Kv4.27–11 mutant. Expressed alone, effects of KChIP1 co-expression were not as dramatic
as for wild-type Kv4.2 (Table 1).this mutant exhibited kinetics similar to wild-type Kv4.2,
although inactivation was slower (Table 1 and Figure Deletion of amino acids 71–90 (Kv4.271–90) yielded
functional channels with kinetics similar to wild-type1E). When co-expressed with KChIP1, current density,
inactivation time constant, and the rate of recovery from Kv4.2 (Table 1 and Figure 2B). Remarkably, KChIP1 co-
expression did not modulate Kv4.271–90 (Table 1 andinactivation remained virtually unchanged (Table 1 and
Figure 1E), indicating that residues 7–11 in Kv4.2 are Figure 2B). This result indicates that in addition to resi-
dues 7–11, residues 71–90 are also necessary for modu-necessary for modulation by KChIP1.
We next sought to identify critical residues within the lation by KChIP1. We further explored the role of resi-
dues 71–90 by mutating individual residues and examiningKv4.2 7–11 region by mutating these residues individu-
ally or in combination. Mutation of any individual residue the effects on modulation by KChIP1. Of three point
mutations tested (Kv4.2E71R, F74R, and F79L), onein the 7–11 region did not alter modulation by KChIP1
KChIP/Kv4 Interaction Domains
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Figure 1. The Proximal N Terminus of Kv4.2 Is Necessary for Modulation by KChIP1
Currents were recorded from oocytes injected with the indicated Kv4.2 wild-type or deletion mutant RNA in the presence or absence of
KChIP1. The left side panels depict representative current traces measured at 50 mV for 1 s from holding potential at 80 mV, and the right
side of each panel depicts normalized recovery from inactivation fitted with a single exponential function for Kv4.2 alone (open circle) and
for Kv4.2 co-expressed with KChIP1 (closed circle).
(A) Wild-type Kv4.2; (B) Kv4.22–21; (C) Kv4.22–11; (D) Kv4.22–6; (E) Kv4.27–11; (F) Kv4.2(WGEFA) multiple point mutant, contains mutations
in Kv4.2 7–11 region.
(Kv4.2F74R) showed reduced modulation by KChIP1 interaction with KChIP1. Interestingly, a more C-terminal
deletion (Kv4.2N120–130) also disrupted the interac-(Table 1 and Figure 2C).
tion, and a deletion of the neighboring area (Kv4.2N131–
150) attenuated the interaction (Figure 3A). We were un-Interaction of Kv4 and KChIP1 in the YTH System
The electrophysiological experiments revealed two do- able to explore the necessity of the 120–130 region in
KChIP modulation of Kv4.2, as expression of channelsmains that were important for modulation of Kv4.2 by
KChIP1. To explore the effects of N-terminal Kv4 muta- lacking this domain did not yield functional currents
(data not shown).tions on the Kv4/KChIP1 protein-protein interaction, we
generated mutations within Kv4.2N1–180 and explored Similar to the effects of residues 71–90, deletions
within the proximal N terminus (Kv4.2N2–21; Kv4.2N2–their ability to associate with KChIP1 in the YTH system.
This approach offered the advantage of allowing us to 11) abolished the interaction with KChIP1 in the YTH
system (Figure 3A). However, Kv4.2N2–6 interactedassess KChIP association using mutants, such as
Kv4.291–110, that did not yield measurable currents with KChIP1 in a manner comparable to that of wild-
type Kv4.2 (Figure 3A). In agreement with our electro-in oocytes. In agreement with our previous report (An
et al., 2000), Kv4.2N1–180 and KChIP1 interacted physiological data, deletion of residues 7–11 (Kv4.2N7–
11) greatly reduced the interaction with KChIP1 (Figurestrongly in the YTH system (Figure 3A). Consistent with
the electrophysiological results reported here, we found 3A). Together, these YTH data suggest that the interac-
tion between Kv4.2 and KChIP1 is complex and involvesthat deleting amino acids 71–90 in Kv4.2N (Kv4.2N71–
90) completely abolished the interaction with KChIP1 at least two domains within the N terminus of Kv4 sub-
units: a proximal domain, comprising amino acids 7–11,(Figure 3A). Although smaller deletions within this region
(71–80,81–90) also disrupted the interaction between and more distal domain, comprising amino acids 71–90.
To explore these domains further, constructs wereKv4.2 and KChIP1 (Figure 3A), deletion of adjacent re-
gions, e.g., Kv4.2N91–110, did not appear to alter the generated in which individual or multiple residues were
Neuron
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Figure 2. Residues 71–90 of Kv4.2N Are Critical for KChIP1 Modulation
Currents were recorded as in Figure 1. The left side of all panels depicts representative current traces from oocytes injected with indicated
Kv4.2 RNA in the presence or absence of KChIP1. Right side of each panel depicts normalized recovery from inactivation fitted with a single
exponential function for Kv4.2 alone (open circle) and for Kv4.2 co-expressed with KChIP1 (closed circle).
(A) Kv4.2161–180; (B) Kv4.271–90; (C) Kv4.2 (F74R) single point mutant.
mutated within each domain. Simultaneous mutation of ses, in which the Kv4.27–11 WGEFA mutation showed
diminished, but not complete, loss of modulation byeach amino acid in the 7–11 domain (AWLPF) to confer
a dramatic change in charge and size (WGEFA) caused KChIP1. Within the 71–90 region, mutations E71K, D73M,
F74R, E79L, and E79R were each sufficient to com-a minor reduction of interaction with KChIP1 (Figure 3B).
Likewise, mutation of each residue individually had little pletely abolish the KChIP1/Kv4.2N interaction (Figure
3B), while the T80R mutation did not (Figure 3B). It iseffect on the interaction (data not shown). These results
are also consistent with our electrophysiological analy- not clear why some mutations that disrupt the protein-
Figure 3. Two Domains in Kv4.2N Are Critical
for Binding to KChIP1 in the YTH System, and
an Internal Motif Is Sufficient to Confer Inter-
action
Yeast two-hybrid analysis of binding between
Kv4.2N and KChIP1. Cartoons represent
Kv4.2 N-terminal regions used to generate
hybrid proteins for two-hybrid interaction
analysis, in which thin black lines indicate de-
leted regions and solid gray boxes represent
cytoplasmic N-terminal coding regions. Rep-
resentative yeast growth data are shown for
each construct. Bright white circles are im-
ages of actual yeast colonies. The left image
in each panel is growth on Leu, Trp SD
media to ensure presence of interacting pair,
then selected for interaction in the right panel
by growth on selective SD media, Leu,
Trp, His,  3 mM 3-AT.
(A) Successive internal deletions from Kv4.2N
tested for interaction with KChIP1.
(B) Multiple and single point mutants in
Kv4.2N (represented by black regions within
cartoons) tested for interaction with KChIP1.
(C) Demonstration of the sufficiency of the
Kv4.2 71–90 region in conferring interaction
on Kv1.2 chimeras. As above, solid gray
boxes denote Kv4.2 sequence, while hatched
boxes denote Kv1.2. Chimeric proteins are
indicted by the respective region of Kv1.2 mu-




protein interaction in yeast (E71K and E79L) have no
effect on the functional consequences of interaction
(Table 1). Nevertheless, these data support the argu-
ment that within the 71–90 domain, there are amino acid
side chain contacts that form an important component
of the binding site for KChIP1.
Kv4.2 Amino Acids 71–90 Confer KChIP1
Binding on Kv1.2
The electrophysiological and YTH results revealed do-
mains in Kv4.2 that were necessary for interaction with
and modulation by KChIP1. To determine if these do-
mains were sufficient for interaction with KChIP1, we
generated chimeras in which individual domains from
Kv4.2N were inserted into the N terminus of the Shaker
family channel Kv1.2, which does not normally bind to
KChIP1. After aligning Kv1.2N and Kv4.2N, we used se-
quential mutagenesis to change individual residues in
Kv1.2 into the corresponding residue from Kv4.2. In one
chimera, amino acids 5–9 in Kv1.2 were changed to the
amino acids encoding residues 7–11 in Kv4.2 (Kv1.2N
[4.27–11]). In a second chimera, amino acids 68–86 in Kv1.2
were changed to the amino acids encoding residues
71–90 in Kv4.2 (Kv1.2N[4.271–90]). Each chimera, along
with wild-type Kv1.2N, was tested for the ability to inter-
act with KChIP1 in the YTH system. Wild-type Kv1.2N
and the Kv1.2N[4.27–11] chimera did not interact with
KChIP1 (Figure 3C), suggesting that amino acids 7–11
in Kv4.2 were not sufficient to confer KChIP1 binding.
In contrast, the Kv1.2N[4.271–90] chimera showed a robust
interaction with KChIP1 (Figure 3C), indicating that resi-
dues 71–90 are sufficient to confer an interaction with
KChIP1. We also observed a strong interaction using a
double chimera, in which residues 7–11 and 71–90 from
Kv4.2N were transferred into Kv1.2N (Kv1.2N[4.2both])
(Figure 3C). Using the Kv1.2N[4.271–90] chimera, we intro-
Figure 4. In Vitro Interaction between Kv4 and KChIP Recombinantduced the E79R point mutation in the 4.2 71–90 region
Fusion Proteinsof the chimera. When compared to the unaltered chi-
Western blots of size exclusion fractions (1–11) probed with eithermera, this point mutation attenuated the interaction of
anti-Kv4 or anti-KChIP1 antibodies. Columns were loaded with indi-Kv1.2N[4.271–90] with KChIP1 (Figure 3C). Although not cated proteins as confirmed by Western blotting of the column input.
completely disrupted, the greatly diminished interaction Numbers below (A) denote column retention profile of molecular
suggests that the binding between KChIP1 and the weight standards, with the size of each protein expressed in kDa.
Markings on bottom of figure denote relative identity of fractionsKv1.2N[4.271–90] chimera is specific and that individual
based on the elution profile of standard proteins and the protein’sresidues within the 71–90 region of Kv4 channels form
calculated molecular weight.contacts with KChIP1.
(A) Column fractionation of individually produced and purified
Kv4.3N (1–180) and KChIP1 proteins that were mixed together post-
Interaction of Recombinant Kv4.2 lysis and purification, then applied to the column.
and KChIP1 Proteins (B) Column fractionation of purified KChIP1-containing complexes
from bacterial cells co-expressing Kv4.3N and KChIP1.To further analyze the association of Kv4 and KChIP1,
(C) Column fractionation of purified KChIP1 expressed alone.we assessed their binding using recombinant proteins
(D) Column fractionation of purified Kv4.2N(2–10) expressed alone.expressed in bacteria. Our initial experiments used pro-
(E) Column fractionation of Kv4.2N(71–90) co-expressed with
teins expressed and purified individually. To examine KChIP1. Decreased amount of loaded Kv4.2N(71–90) in input is
binding, the two polypeptides were rapidly mixed to- due to the lack of copurification with 6xHis-tagged KChIP1 on Seph-
gether and fractionated using size exclusion column arose-NTA Ni2 resin.
chromatography. From the mixed sample, it was appar-
ent that co-associated Kv4.3N and KChIP1 eluted in
fractions 5–6, corresponding to a globular molecule with size exclusion chromatography method, a large propor-
tion of Kv4.2N (Figure 4A) or Kv4.3N (data not shown)a mass of approximately 200 kDa (corresponding to
Kv44:KChIP14; Figure 4A). In this sample, free KChIP1 elutes early, in fractions 1–2, indicative of large pro-
tein aggregates.eluted later, in fractions 8–9, consistent with a molecular
mass of 25 kDa and corresponding to KChIP1 monomer Further attempts to purify recombinant proteins that
contained the proximal N terminus of Kv4.2 or Kv4.3(Figure 4A). One difficulty with this procedure is the
insolubility of the Kv4.2 or Kv4.3 N terminus. Using our yielded only insoluble protein aggregates. To circum-
Neuron
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vent this problem, we co-expressed Kv4.3N and KChIP1 important structural role in the “non-Shaker” T1 do-
mains, it reinforces the notion that Zn2 could be a keyin bacteria. Purification of the Kv4.3N/KChIP1 complex
from these bacterial extracts indicated that when co- component in differentiating Shab-, Shal-, or Shaw-like
channels from Shaker-like T1 assembly (Bixby et al.,expressed, the vast majority of KChIP1 and Kv4.3N co-
purifies as a stable complex, as evidenced by co-elution 1999; Jahng et al., 2002).
There are 24 highly conserved residues in the T1 do-of Kv4.3N and KChIP1 in fractions 5–6 and the absence
of other peaks (Figure 4B). Size exclusion chromatogra- main across all four Kv channel families (Kreusch et
al., 1998). Most of them are buried within the T1 core,phy was also performed on KChIP1 and Kv4.2N2–10
expressed and purified individually. These confirm that suggesting the similarity of overall structural fold of T1
domains within Kv channels. In the T1 tetramer (Figurepurified KChIP1 elutes in fractions 8–10 and that in the
absence of the proximal hydrophobic N-terminal region, 5B), about 960 A˚2 of solvent-accessible surface area of
each monomer is buried at its interfaces. The majorityKv4.2N2–10 elutes as multiple species, including the
tetramer (fractions 6–8) and monomer (fractions 9–11). of interactions between subunits are polar. Although the
common T1 core exists in all four different K channels,Remarkably, Kv4.2N2–10 does not self-aggregate like
the full-length N-terminal protein (Figure 4D). each has its own association specificity. This specificity
must be encoded in its tetramerization interface (BixbyWe also verified that when co-expressed in bacteria,
very little Kv4.2N71–90 copurifies with KChIP1, sug- et al., 1999; Strang et al., 2001). Nineteen residues in-
volved in the interface interactions are conserved ingesting that the two proteins do not interact (Figure 4E).
Moreover, when co-expressed with Kv4.2N71–90, all Kv4 channels, whereas only four of them are conserved
across all four different Kv families.of the purified KChIP eluted in fractions 8–10, further
indicating that it was not part of a complex with An obvious feature of the Kv4.3 T1 structure is a loop
that extends from the surface of the molecule. In com-Kv4.2N71–90 (Figure 4E). These data provide indepen-
dent confirmation that the Kv4.2 7–11 and 71–90 regions parison to the published structure of the Kv1.1 N termi-
nus (Gulbis et al., 2000), we found that this region exhib-are necessary for association with KChIP1.
its a high degree of structural similarity to a region of
Kv1.1 that was found to be the site for docking to KvKv4.3 T1 Domain Structure
(Figure 5C). Interestingly, this loop segment of Kv4.3In order to determine a structural basis for the interaction
(amino acids 70–89) corresponds to the Kv4.2 71–90between Kv4N and KChIP1, we determined the X-ray
region found to be necessary and sufficient for bindingcrystal structure of these molecules expressed individu-
to KChIP1. This suggests the intriguing possibility thatally. Due to the difficulty of expressing full-length Kv4
the Kv4.3 70–89 loop serves a structural function forN termini, we used a Kv4.3N construct that contained
direct binding to KChIP, similar to the function of theamino acids 29–143 (T1 region) for structural studies.
corresponding region in Kv1.1. Comparing the primaryGiven the high degree of sequence conservation be-
amino acid sequences of the Kv4.2 71–90 region acrosstween the Kv4.2 and Kv4.3 T1 domains (73% identity,
Kv families, some residues are highly conserved across85% conserved) and their interchangeable functions in
all families (Figure 5D, red highlighted residues). How-both electrophysiology and YTH studies, for the purpose
ever, residues that are conserved within Kv4 channelsof this study, we view the two structures as interchange-
are divergent relative to most other Kv channels (cyan-able. The truncated Kv4.3 protein, lacking the hydropho-
highlighted residues), suggesting these key amino acidsbic proximal N terminus, was expressed and purified
may play a role in determining the specificity of auxiliaryfrom bacteria as a soluble protein. The structure of the
subunit binding.T1 monomer consists of two subdomains or four layers
(Figure 5A), similar to previously described Kv  subunit
structures (Bixby et al., 1999; Kreusch et al., 1998). KChIP1 Structure
To better understand binding of Kv4 subunits to KChIPs,These two domains are piled along the 4-fold axis of
the T1 homotetramer, with the N and C termini of each we also solved the crystal structure of KChIP1. The
KChIP1 structure can be divided into two regions, ansubunit at opposite faces. The N-terminal domain (green
and blue in Figure 5A) consists of a four-stranded  N-terminal region containing residues 12–95 and a
C-terminal region containing residues 96–192. Five sheet, which is formed by two pairs of antiparallel 
strands connected with two short  helices (one is dis- helices (H1 through H5) are located in the N-terminal
region. Helices 2 and 3 form the first EF-hand and helicestorted) and a 15 residue long  helix. The C-terminal
domain (red and yellow in Figure 5A) is formed from a 4 and 5 form the second EF-hand. In the C-terminal
region, the EF-hands 3 and 4 are formed by helices H6, strand, an  helix, then after a turn it finishes with a
long 17 residue  helix. There are four zinc ions bound H7 and H8, H9, respectively. H10 is the C-terminal helix.
Connecting these ten  helices are nine linker loops.to the T1 tetramer, identified on the basis of high electron
density (Figure 5B). As in Shal-, Shaw-, and Shab-mam- The linker loops between EF-hand 1, 2, 3, and 4 form
two short antiparallel  sheets, so that the four EF-handsmalian Kv channels, each Zn2 is located at the interface
between two adjacent monomers and is involved in in- are grouped into two pairs (EF1-EF2 and EF3-EF4) (Fig-
ure 6A). Each EF-hand has a helix-loop-helix motif thattersubunit contacts (Figures 5A and 5B). The common
zinc ligands are the three cysteines and one histidine in is found in many other calcium binding proteins (Babu et
al., 1988), such as Neurocalcin (Vijay-Kumar and Kumar,the characteristic sequence HX5CX20CC (Cys-131, Cys-
132, and His-104 from one monomer and Cys-110 from 1999), Recoverin (Flaherty et al., 1993), and Frequenin
(Bourne et al., 2001). The linker loops between each pairanother monomer). Since the Zn2 binding motif and
Zn2 are not present in Shaker-like channels but play of EF-hands are U shaped. As described previously for
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Figure 5. Crystal Structure of the Kv4.3 T1 Domain
(A) Ribbon representation of Kv4.3 T1 dimer. N-terminal domain contains two layers, which are shown in green and blue. The C-terminal
domain is shown in red and yellow. There is one Zn2 per monomer, with one illustrated coordinating the dimer interface.
(B) A region of the Kv4.3 T1 domain 3Fo  2Fc density map (2.6 A˚) with residues coordinating Zn2 ion. The density is contoured at 1	 level.
Residue C110 is from the neighboring molecule.
(C) Zoomed-in view of the extended “loop” domains of both Kv4.3 (left panel, gray trace) and Kv1.1 (right panel, green trace). In each panel,
the loop region that had been determined to be important in auxiliary subunit binding is highlighted in cyan. Residues that bound this region
are denoted in yellow, as are residues that were conserved in Kv4 channels, yet divergent with most other Kv  subunits.
(D) Optimal sequence alignment of multiple rodent Kv family loop domains. Residues in red indicate residues that are conserved in five or
more sequences. Residues in cyan denote amino acids that are conserved in Kv4 subfamily members but are divergent in most other Kv 
subunits. Asterisks denote residues that when mutated in Kv4.2N disrupted the interaction with KChIP1 in YTH.
Neurocalcin, Recoverin, and Frequenin, the four EF- may contribute to interaction specificity with target pro-
teins.hands of KChIP1 form a compact array on one face of
the protein (Figure 6A). Upon generation of a space-filling model of the
KChIP1 structure and color-coding residues based onThe crystal structure of KChIP1 revealed four potential
Ca2 binding EF-hands. However, the X-ray data from hydrodynamic properties, it became immediately appar-
ent that KChIP1 appeared to have two faces, one hydro-calcium anomalous scattering diffraction and the differ-
ence electron density map indicated only two bound philic and one hydrophobic (Figures 6C and 6D). This
bipolar nature of KChIP1 provides a mechanism byCa2 ions. These two Ca2 ions were mapped to EF-
hands 3 and 4 (Figures 6A and 6B). Interestingly, com- which the hydrophobic proximal N terminus of Kv4 sub-
units may interact primarily with the hydrophobic faceparison with other neuronal calcium sensor (NCS) family
molecules shows that the EF3- and EF4-hands of of the KChIP1 molecule, providing an energy-favorable
environment that masks the hydrophobic residues andKChIP1, Neurocalcin, and Frequenin are very similar,
and both involve Ca2 binding. However, the EF1- and orients the hydrophilic face of KChIP1 to the cytoplasm
(Figure 6D). As KChIP1 appears to exist as a monomerEF2-hands in Neurocalcin and KChIP1 are structurally
distinct and have different Ca2 binding specificities. In in solution (Figure 4C), its large hydrophobic surface
does not appear to function to “tetramerize” or other-Neurocalcin and Frequenin, EF-hand 2 binds a Ca2, but
no calcium ion could be found in the similar position of wise order KChIP molecules.
Unfortunately, despite our ability to obtain quantitiesthe KChIP1 EF-hand 2. These structural alterations may
represent distinct Ca2 binding capabilities, or perhaps of co-expressed and copurified Kv4.3N/KChIP1 com-
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Figure 6. Crystal Structure of KChIP1
(A) Ribbon representation of the KChIP1 structure. Ca2 atoms are shown as yellow spheres. EF-hands are denoted as EF1–4.  helices are
denoted H1–10.
(B) A region of the KChIP1 3Fo  2Fc density map (2.3 A˚) showing residues from EF-hand 4 (EF4). The density is contoured at 1.1	 level.
(C) A rotated view of the KChIP1 structure as in (A) with MOLCAD surfaces calculated for the structure. The surfaces are color-coded by
lipophilicity where blue is highly hydrophilic and brown is highly lipophilic. The two panels are rotated 180
 relative to each other.
(D) A similar view of the KChIP1 structure as in (C) rotated into a proposed orientation such that the lipophilic region is facing upward toward
Kv4 channels in the membrane, and the hydrophilic regions are orientated toward the cytoplasm.
plex, the crystals obtained do not diffract to greater than dence for a mechanism by which KChIPs associate spe-
cifically with Kv4 family channel  subunits and modu-6 A˚ resolution. Although the reasons for this are not
entirely clear, we believe that enzymatic cleavage of the late their biophysical properties.
KChIP1 N terminus may be contributing to microhetero-
geneity of the purified complex and perhaps this has a The Kv4 Proximal N Terminus Is Required
deleterious effect on crystal packing. We are continuing for Association with KChIP
to focus on alternative methods for elucidating a higher The results of the present study indicate that the proxi-
resolution structure of the complex. mal N terminus of Kv4 channels is critical for KChIP1
association and modulation by KChIP1. Of the first 23
amino acids in Kv4.2, 16 (70%) are hydrophobic. OurDiscussion
studies with recombinant proteins suggest that this hy-
drophobic region is responsible for the aggregation ob-Here we report the identification of two regions within
the Kv4 N terminus that mediate the interaction with served when the full-length Kv4 N terminus (residues
1–180) is expressed in vitro. By extension, this regionKChIP1. Using targeted deletion and mutagenesis strat-
egies, we find that Kv4.2 residues 7–11 and 71–90 are may be responsible for aggregation of full-length Kv4
channels observed in transfected cells (Bahring et al.,required for KChIP binding and for modulation of Kv4
currents, indicating that the effects of KChIP1 on current 2001; Shibata et al., 2003). Deleting the first 23, or even
10, amino acids from Kv4.2 or Kv4.3 allows for recoverydensity, inactivation, and recovery from inactivation are
mediated through direct binding to the Kv4 cytoplasmic of soluble protein. Our mutagenesis studies indicated
that individual residues within the proximal N terminusN terminus. Moreover, we find that residues 71–90 are
sufficient to confer binding to KChIP1 when these resi- may not be critical for KChIP1 association, as single
or combined amino acid changes did not completelydues are transferred to Kv1.2. Although it is likely that
when co-assembled the structures of KChIP1 and the abolish the ability of KChIP1 to bind or modulate the
channel. The KChIP1 crystal structure reveals a largeKv4.3 N terminus will differ from what is observed in
the individual structures reported here, the individual hydrophobic pocket that we hypothesize accommo-
dates the proximal N terminus of Kv4 subunits. Interac-structures are likely to reveal surface features that may
underlie the Kv4/KChIP interaction. Together with the tion between these hydrophobic surfaces may stabilize
the Kv4/KChIP1 complex and facilitate channel traffick-mutagenesis results, the structural data provide evi-
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ing by masking the hydrophobic Kv4 N terminus, thereby region may allow for discrimination among accessory
subunit binding partners.preventing aggregation and endoplasmic reticulum (ER)
retention of the nascent channel polypeptide. This The data presented here and in earlier studies (Gulbis
et al., 2000) demonstrate the exquisite specificity inher-masking effect provides a simple explanation for the
increased density of macroscopic Kv4 currents upon ent in binding of Kv  subunits to auxiliary subunits such
as Kv or KChIP. The interaction interface in KChIPco-expression of KChIP1; by promoting solubility and
surface trafficking, more channels reach the cell surface. molecules involves at least two regions—the hydropho-
bic extreme N terminus (Kv4.2 7–11) and the Kv4.2 71–90This model is consistent with the results of an earlier
study that reported a redistribution of Kv4 immunofluo- loop. KChIP binding to the latter region appears to be
sensitive to single amino acid changes. These findingsrescence from perinuclear regions to the cell surface in
response to KChIP co-expression (Bahring et al., 2001) raise important questions about the nature of the binding
interactions between KChIPs, specifically KChIP3, andand suggested a role for the Kv4 N terminus in channel
aggregation and ER retention, as deleting this domain other molecules, e.g., presenilins (Buxbaum et al., 1998;
Zaidi et al., 2002) and the DRE regulatory element (Car-resulted in increased current amplitudes even in the
absence of KChIP (Bahring et al., 2001). Moreover, delet- rion et al., 1999; Osawa et al., 2001). Taken together,
the data suggest a simple model whereby KChIPs tightlying amino acids 2–31 from Kv4.2 resulted in increased
surface trafficking of the channel in the absence of KChIP bind and mask the hydrophobic N terminus of Kv4 sub-
units, facilitating surface trafficking and altering Kv4(Shibata et al., 2003). Furthermore, the results of this
study suggest that the hydrophobic N terminus of Kv4.2 channel kinetics, while 71–90 loop governs the specific
association of KChIPs with Kv4 channel subunits.contains an atypical ER-retention motif related to hy-
drophobic oligomerization, such that in the absence of a Clearly, future studies aimed at revealing the structural
basis of these interactions with KChIP3 will aid in eluci-masking KChIP, Kv4.2 is trapped in the ER in detergent-
insoluble aggregates, has a reduced protein half-life, dating the role of this molecule in such a diverse array
of biological processes.and is not properly phosphorylated (Shibata et al., 2003).
Consistent with the results of the present study, the
association of KChIP1 with the proximal Kv4 N terminus
Experimental Procedures
also plays a direct role in KChIP-dependent modulation
of channel kinetics, as reported previously (Beck et Molecular Biology and Materials
All materials not specifically identified were purchased from Sigmaal., 2002).
Chemical Co. All PCR reactions were performed using Pfu DNA
Polymerase (Stratagene), and inserts were completely verified byKv4 Residues 71–90 Form a KChIP-Specific
sequencing. DNA used for yeast transformations and mammalian
Docking Loop transfections was purified using affinity columns (Qiagen). All restric-
In addition to the proximal N-terminal region, our studies tion enzymes were purchased from New England Biolabs, Inc. Rat
Kv4.2, rat Kv4.3, and rat Kv1.2 cDNAs were kindly provided by Dr.indicated that residues 71–90 of Kv4.2 are necessary
James Trimmer (University of California, Davis, CA). Human KChIP1for interaction with KChIP1. Moreover, the 71–90 region
cDNA was isolated as previously described (An et al., 2000). Allis sufficient to confer an interaction with KChIP1, at
internal deletion and point mutants were generated by PCR usingleast within the context of the Kv1.2N[4.271–90] chimera, the QuikChange II mutagenesis kit (Stratagene). Inserts of all clones
suggesting that the 71–90 loop in Kv4 subunits is a key and mutants were rigorously verified by sequencing.
mediator of KChIP binding. Given this result, it is not
clear why Kv4 constructs that contain residues 71–90
Two-Electrode Voltage Clamp Recordingbut lack the hydrophobic N-terminal region (e.g.,
in Xenopus OocytesKv4.22–21) do not interact with KChIP1 in electrophysi-
For oocyte expression, wild-type or mutant Kv4.2, Kv4.3, and
ological or protein-protein interaction assays. One ex- KChIP1 cDNAs were subcloned into pBluescript.KSM (Stratagene).
planation could be that the hydrophobic N terminus is The cRNAs were then in vitro transcribed using the T3 mMESSAGE
Machine kit (Ambion) following linearization of cDNA construct withrequired to stabilize the interaction with KChIP1. In the
NotI. Xenopus oocytes (stage V–VI) were selected and injected withKv1.2N[4.271–90] chimera, the N terminus of Kv1.2 may be
46 nl of solution containing 0.5–4.0 ng of the selected cRNA usingsufficiently hydrophobic to bind within the hydrophobic
a microinjector (Drummond Scientific Co.). One to four days aftercavity of KChIP1 and stabilize the interaction.
injection, oocytes were impaled with two microelectrodes (0.5–1.0
Comparison of the Kv4.3 X-ray structure described M) filled with 3 M KCl in a 40 l recording chamber. The chamber
here with the structure of the previously reported Kv1.1 was constantly perfused with ND-96 recording solution containing
96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 0.3 mM CaCl2, and 5 mMT1 domain indicates that the loop formed by residues
HEPES (pH 7.6). Currents were recorded in ND-96 using a Gene-70–89 in the Kv4.3 T1 structure corresponds to the Kv1.1
Clamp 500 amplifier (Axon Instruments) or an OC-725C amplifierdocking loop responsible for mediating the specific in-
(Warner Instruments). All recordings were conducted at room tem-teraction with Kv subunits (Gulbis et al., 2000). Taken
perature (22
C 1
C). Data were acquired and analyzed using Pulse
together with the mutagenesis results, it seems likely software (HEKA). Data, low-pass filtered at 200 Hz, were digitized
that this domain in Kv4 channels serves as a docking at 1.0 kHz using an ITC-16 interface (Instrutech Corp.) and analyzed
using PulseFit, Igor, or Microcal Origin 5.0. Inactivation time con-site for KChIPs. The loss of interaction between Kv4.2N
stants (1 and 2) were obtained by fitting double exponential func-and KChIP1 upon mutation of amino acids within this
tions to the decaying phases of Kv4.2 currents. The inactivationloop suggests that certain residues within this loop (E71,
time constant, 1, was defined as the predominant component ofD73, F74, E79) form side chain contacts with KChIP1.
current amplitude. The weighted amplitude is calculated as relative
Moreover, the structural similarities between the 71–90 contribution of current with the inactivation time constant (1). The
region in Kv4.3 and the corresponding region in Kv1.1 activation or kinetics of recovery from inactivation was analyzed by
curve fitting of current to single exponential function. All data aresuggest that individual side chain contacts within this
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given as mean  SEM, and statistical significance was assessed equimolar concentrations. Kv4N/KChIP1 complexes were also pro-
duced by co-expressing the constructs of interest in BL21(DE3)by t test.
bacteria, followed by copurification of the soluble fraction of French
press lysates on Sepharose-NTA Ni2 resin as described above.YTH
Complexes formed by mixing or from co-expressing cells were fur-Hybrid cDNAs were constructed to fuse in-frame the coding region
ther purified by size exclusion chromatography on a Sephadex 200of the first 180 amino acids of Kv4.2 (cytoplasmic N terminus) to
column. Molecular weights of eluted proteins were determined bythe DNA binding domain from the Gal4 transcription factor in the
generating a standard curve based on the peak retention times ofpGBKT7 vector (Clontech). All Kv4.2 internal deletion and point mu-
a standard set of proteins with known molecular weights (Sigmatants used this construct as a template. Kv1.2 constructs were gen-
#MW-GF-200). For immunoblotting, samples from column fraction-erated by subcloning the N-terminal 130 amino acids of Kv1.2 also
ation and purification steps were resuspended and heated in reduc-into the pGBKT7 vector. For generation of multiple point mutants
ing SDS sample buffer for analysis on 12% SDS-PAGE. After electro-(such as in the chimeras), sequential rounds of mutagenesis were
phoretic transfer to nitrocellulose paper, the resulting blots wereemployed to change three codons at a time. Full-length KChIP1
blocked in TBS containing 4% low-fat milk and incubated with anti-cDNA was fused in-frame to the activation domain of Gal4 in the
Kv4.2N or anti-KChIP1 antibodies (An et al., 2000). Blots were thenpGADT7 vector (Clontech). Pairs of hybrid fusion constructs were
incubated in HRP-conjugated secondary antibody prior to exposuretransformed into AH109 yeast. Yeast were transformed with the
on Kodak XAR-5 film.interaction of interest or a control and then plated onto synthetic
dropout plates (SD) that were missing Leu and Trp (Leu, Trp).
Expression, Purification, and Crystallization Kv4.3N72 hr posttransformation, eight individual colonies were picked off
The T1 domain of Kv4.3 (amino acids 29–143) was expressed withof each plate and resuspended into 50 l of 10 mM Tris (pH 8.0), 1
a C-terminal 6xHis tag from pET-21b() in BL21(DE3) cells. ThemM EDTA. Colonies were replica-spotted by dispensing 5 l of
bacteria were grown in a fermentor at 37
C in LB broth (10 liter) withthe cell suspension onto each of the following SD selective plates:
Ampicillin (100 g/ml) and supplemented with 0.5 mM ZnCl2. TheLeu, Trp; Leu, Trp, His  3 mM 3-AT. Spots were allowed
cells were induced with 1 mM IPTG at OD 0.5–0.8 and grown for anto soak into the agar, and then plates were grown inverted at 30
C.
additional 4 hr. After harvesting, the cells were resuspended on icePlates were inspected and imaged 4–5 days postspotting. For all
in buffer B (20 mM Tris [pH 7.4], 100 mM NaCl, 1 mM 2-mercaptoeth-constructs tested, nonspecific interaction or transactivation was
anol, 5 mM imidazole, 20 M ZnCl2) supplemented with 1 tablet pertested for by transforming unrelated binding partners and assayed
50 ml of complete EDTA-free protease inhibitor. Lysis was per-for growth in an identical manner as described.
formed by three passages through a microfluidizer. The cleared
lysate was mixed for 1 hr with Sepharose-NTA Ni2 resin pre-equili-Bacterial Expression, Protein Purification, and Analysis
brated in buffer B. The resin was then poured into a column, washedKv4.2, Kv4.3, and KChIP1 cDNAs were subcloned into prokaryotic
with 20 column volumes of buffer B, followed by 20 column volumesexpression vectors for protein production. Full-length KChIP1(1–217)
of buffer B supplemented with 25 mM imidazole. The protein waswas subcloned into pET28a (Novagen), which fused in-frame a
eluted with buffer C (20 mM Tris [pH 7.4], 100 mM NaCl, 0.5 mMC-terminal 6x His tag for purification. The Kv4.2 and Kv4.3 cyto-
ZnCl2, 10 mM 2-mercaptoethanol, 200 mM imidazole) and directlyplasmic N termini (Kv4.2N amino acids 1–180, Kv4.3N amino acids
applied to a Poros HQ-50 column (Perseptive Biosystem). The HQ1–178) were subcloned into a variant of pET21a (Novagen) that
column was washed with buffer D (20 mM Tris [pH 7.4], 100 mMhad replaced the ampicillin resistance gene for chloramphenicol
NaCl, 0.5 mM ZnCl2, 10 mM 2-mercaptoethanol) and eluted with aresistance to allow for dual-selection of bacteria. Kv4.2N and Kv4.3N
salt gradient of 100–700 mM NaCl. Fractions containing pure T1inserts had encoded an N-terminal T7 tag, but not 6xHis. BL21(DE3)
were pooled, brought up to 3 mg/ml using Millipore concentrators,cells expressing Kv4.2 or Kv4.3 constructs were inducted with 1 mM
and sized on a G3000SW column (Tosohaas) at 3 ml/min in bufferIPTG for 4 hr at 37
C, pelleted, then resuspended in buffer A (50
D. Protein eluting with a retention time consistent with a tetramericmM Tris [pH 8.0], 100 mM NaCl, supplemented with 1 tablet per 20
conformation was collected and concentrated for crystallographyml of buffer A with complete EDTA-free protease inhibitors (Roche)
studies.using 5 ml buffer A per gram cell pellet. Cells were lysed by 2
Crystallization conditions for the Kv4.3 T1 were determined frompassages through a French press, then Triton X-100 was added to
the sparse matrix screen (Emerald BioStructures). Screening wasthe lysate to achieve a final concentration of 1%. Inclusion bodies
done using hanging drop vapor diffusion by combining 1l of proteinwere harvested by centrifugation at 30,000  g for 10 min at 4
C.
solution (6–7 mg/ml in 25 mM Tris [pH 7.4], 100 mM NaCl, 10 mMThe supernatant was decanted and the pellet was resuspended in
DTT, and 1 mM ZnCl2) with 1 l of well solution (1 ml) at both 18
CddH20 and centrifuged again. The washed pellet was then solubi-
and 4
C. Small pyramid-like crystals appeared overnight at 4
C inlized in 8 M urea, 20 mM Tris (pH 7.2). This material was passed
a mother liquor consisting of 2.0 M NaH2PO4/K2HPO4, 0.2 M Li2SO4,through a 0.45 m filter (Millipore) and applied to a Hitrap Q column
and 0.1 M CAPS (pH 10.5). Conditions were further optimized by(Amersham Biosciences), washed with 6 M urea, 20 mM NaCl, 50
reducing the phosphate salt concentration to 1.4–1.5 M. CrystalsmM Tris (pH 8.0) until a stable baseline was reached. Proteins were
grew to their maximum size (0.15 0.15 0.1 mm3) in approximatelythen eluted with a linear 20–400 mM NaCl gradient in 6 M urea.
2 weeks.Column fractions were analyzed by SDS-PAGE and the purest frac-
tions (the first eluting at about 150 mM NaCl) were pooled and
Kv4.3N Crystal Structure Data Collection and Processingstored at 80
C.
The crystals were transferred to the mother liquor, containing 30%BL21(DE3) cells transformed with KChIP1-pET28a were induced,
glycerol, then flash cooled in liquid nitrogen. A single crystal waslysed, and cleared as above. Soluble material was passed through
used for the data collection at beamline 5.0.2 at Advanced Lighta 0.45 m filter (Millipore), then applied to a Sepharose-NTA Ni2
Source (Berkley, CA), using a Quantum 4 CCD detector at 130
C.column (Qiagen) at 0.2 ml bed volume per gram bacterial pellet and
All the data were integrated with DENZO and then scaled andeluted in buffer A supplemented with a linear gradient of 20–400
merged with SCALEPACK (Otwinowski and Minor, 1997). The crystalmM imidazole. Eluted material was analyzed by SDS-PAGE and the
belongs to space group P41212 (a  b  84.23 A˚, c  104.99 A˚) andpurest fractions were pooled and concentrated in Centricon filters
contains 60% solvent with two monomers per asymmetric unit.(Millipore) to 4 mg/ml total protein. Samples were then subjected
to size exclusion chromatography in buffer A on a Superdex 200
16/60 column (Amersham Biosciences). KChIP1 exhibited a mono- Kv4.3N Structure Determination and Refinement
T1 structure of Kv4.3 was solved using the model of Shaw T1 (PDBdisperse peak eluting at a hydrodynamic mass of 25 kDa, and was
collected, concentrated to 5 mg/ml in Centricon filters, had DTT code 3kvt) (Bixby et al., 1999) dimer (constructed from the monomer
based on its symmetry) by molecular replacement method withadded to 10 mM, and frozen at 80
C.
Kv4N/KChIP1 complexes were produced by rapidly diluting the AmoRe (Navaza, 1994). The search model was immediately sub-
jected to simulated annealing refinement using CNS (Brunger et al.,urea-denatured Kv4.2N/Kv4.3N 50-fold in phosphate-buffered sa-
line (PBS) (pH 7.4) in the presence of KChIP1 at approximately 1998). The generated density modification map had good quality to
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rebuild the Kv4.3 T1 model with the correct sequence. After cycles Received: September 30, 2003
Revised: November 21, 2003of rebuilding, annealing or minimization, and individual B factor
refinements, the R factors converged to Rwork  22.8% and Rfree  Accepted: December 15, 2003
Published: February 18, 200427.3% for all data from 20 to 2.6 A˚. The final model contains two
monomers (residues 39–145 for monomer 1 and 1038–1145 for mo-
nomer 2), 29 water molecules, and two Zn2. All φ and  angles lie References
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molecule per asymmetric unit. protein that interacts with the presenilins and regulates the levels
of a presenilin fragment. Nat. Med. 4, 1177–1181.
Structure Determination and Refinement for KChIP1 Carrion, A.M., Link, W.A., Ledo, F., Mellstrom, B., and Naranjo, J.R.
The KChIP1 crystal structure was determined by combining crystal- (1999). DREAM is a Ca2-regulated transcriptional repressor. Na-
lographic modeling and molecular replacement method with the ture 398, 80–84.
model of Neurocalcin (PDB code 1BJF) (Vijay-Kumar and Kumar, Chandy, K.G., and Gutman, G.A. (1993). Nomenclature for mamma-
1999). Structural refinement was carried out using the program CNS lian potassium channel genes. Trends Pharmacol. Sci. 14, 434.
(Brunger et al., 1998). The initial molecular model included 120 amino
Flaherty, K.M., Zozulya, S., Stryer, L., and McKay, D.B. (1993). Three-acid residues without calcium ions. The model was refined against
dimensional structure of recoverin, a calcium sensor in vision. Cell15–2.3 A˚ X-ray data. The progress of the refinement was monitored
75, 709–716.with the electron density maps and the values of the crystallographic
Gulbis, J.M., Zhou, M., Mann, S., and MacKinnon, R. (2000). Struc-R factors. Difference maps contoured at 5	 levels above back-
ture of the cytoplasmic beta subunit-T1 assembly of voltage-depen-ground show two calcium ions in the molecular structure. Some side
dent K channels. Science 289, 123–127.chains and a few main chain loops were rebuilt using the interactive
graphics software suite QUANTA. The rebuilt model plus the calcium Hoffman, D.A., and Johnston, D. (1998). Downregulation of transient
ions were further refined. The final model contains 181 amino acids, K channels in dendrites of hippocampal CA1 pyramidal neurons
two Ca2 and 123 water molecules, and corresponds to the Rwork  by activation of PKA and PKC. J. Neurosci. 18, 3521–3528.
0.224 and Rfree  0.273 using the data from 15–2.3 A˚. Hoffman, D.A., Magee, J.C., Colbert, C.M., and Johnston, D. (1997).
K channel regulation of signal propagation in dendrites of hippo-
X-Ray Coordinates campal pyramidal neurons. Nature 387, 869–875.
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